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Introduction

Summary

The complement receptor 2 (CR2, CD21) is part of a complex (CD21/
CD19/CD81) acting as a co-receptor to the B cell receptor (BCR).
Simultaneous triggering of the BCR and CD21 lowers the threshold for B
cell activation. Although CD21 is important, B cells that express low
amounts or lack surface CD21 (CD217°%) are increased in conditions with
chronic inflammation, e.g. autoimmune diseases. However, little is known
about the CD217°" B cell subset in peripheral blood from healthy donors.
Here, we show that CD217"°" cells represent approximately 5% of B cells in
peripheral blood from adults but are barely detectable in cord blood, after
excluding transitional B cells. The CD217°" subset can be divided into
CD38 24" and CD38724"% cells, where most of the CD3824" are
CD27"immunoglobulin (Ig)MIgD" and the CD38724'°% are switched
CD27". Expression levels of additional markers, e.g. CD95 and CD62L, are
similar to those on classical memory B cells. In contrast to naive cells, the
majority of CD217"" cells lack expression of the ABCBI transporter.
Stimulation with a combination of BCR, Toll-like receptor (TLR)—7/8
and interleukin (IL)—2 induces proliferation and differentiation of the
CD217"" B cells comparable to CD217CD27" memory B cells. The
response excluding BCR agonist is not on par with that of classical memory
B cells, although clearly above that of naive B cells. This is ascribed to a
weaker response by the CD38724"°%
B cells require not only TLR but also BCR triggering. We conclude that the
CD217"°" cells in healthy donors are memory B cells.

subset, implying that some memory
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thematosus (SLE) a drug that inhibits B cell survival
(belimumab) is the first drug to be approved for SLE in

B lymphocytes represent a cell type involved in both adapt-
ive and innate immunity. Under both conditions B cells
can differentiate into plasma cells secreting antibodies that
bind to invading pathogens and allow their clearance by
different pathways. Upon encounter with cognate antigen,
mature naive B cells undergo clonal expansion and can
thereafter also differentiate into memory B cells, which
play an important role upon re-encounter of the same
pathogen. B cells are central in many autoimmune diseases
because of their capacity to produce autoantibodies and
cytokines and present antigen, and are therefore a subject
of extensive research and a target for therapy. For instance,
in rheumatoid arthritis (RA) B cell depleting therapy (rit-
uximab) has been successful, and in systemic lupus ery-

more than 50 years [1,2].

The complement receptor type 2 (CR2, CD21) binds to
fragments of complement C3 (C3d, C3dg and iC3b), and
together with CD19 and CD81 forms a co-receptor to the
B cell receptor (BCR). The binding of complement-tagged
antigens to the BCR and CD21 results in co-ligation, which
amplifies signals transduced through the BCR and thus
lowers the B cell activation threshold [3,4]. In healthy
donors, naive and memory B cells express CD21, whereas
its expression is low on early transitional B cells and plas-
mablasts/plasma cells [5].

Despite the apparent importance of CD21, a subset of
mature B cells that lacks (or expresses low levels of) this
marker, CD217°", has been described in both mice and
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man [6,7]. In mice, a CD217"°" B cell subset accumulates
with age and has been referred to as age-associated B cells
(ABCs) [8,9]. A similar subset has been found enriched in
young lupus-prone mice [9] and in mice lacking the surro-
gate light chain (SLC™") [10,11]. In humans, a CD217"°¥ B
cell subset has been described in tonsils [12], an environ-
ment that is exposed constantly to various antigens, and
hence cells are activated continuously. The CD217°" B cells,
defined by their expression of the inhibitory Fc-receptor-like
protein 4 (FcRL4), were described as memory B cells
although they lacked the conventional memory B cell
marker, CD27. A CD217°" B cell subset is also enriched in
peripheral blood in a number of conditions with chronic
immune stimulation, e.g. certain pathogenic infections
(viral, parasitic) and autoimmune diseases, e.g. RA, SLE,
Sjogren’s syndrome and common variable immunodefi-
ciency (CVID) type Ia [13-19]. Depending on disease and
study design, the CD217"°Y B cells have been described as
CD27" or CD27, expressing immunoglobulin (Ig)M or
switched BCRs with or without somatic hypermutation
(SHM). Most of these studies concluded that under condi-
tions of chronic immune stimulation the CD217"°" cells are
memory B cells. However, little is known about this subset
in peripheral blood from healthy donors. Here, we investi-
gate this, and demonstrate that the CD217°" B cell subset is
almost absent in cord blood but present in peripheral blood
from healthy adults. As in situations of chronic immune
stimulation, this subset is composed mainly of memory B
cells. Moreover, it can be subdivided further into
CD277CD38 24", most of which are IgM*IgD* and
CD27 CD38724"°" that are mainly switched cells.

Materials and methods

Study subjects

Peripheral blood from 18 healthy women, aged 24-30
(n=9) and 55-64 years (n = 9), were collected into lithium
heparin tubes (Greiner Bio-One, Stonehouse, UK). Written
consent was not required for these samples, and approval by
the Human Research Ethics Committee was not needed as
no personal information or identity was recorded (Swedish
law 2003: 460, paragraphs 4 and 13). All mothers were given
oral and written information for cord blood samples, and
gave oral consent to participate in the study. Ethical approval
(O342-00) was obtained through the Human Research
Ethics Committee of the Medical Faculty, University of
Gothenburg, Sweden. The cord blood samples were collected
from healthy newborn infants (n = 6) born at term (> 38
gestational weeks) at the Sahlgrenska University Hospital.
Tonsils from six healthy children, aged 1-9 years, undergoing
tonsillotomy were collected. As no personal information or
identity was recorded, no written consent or approval by the
Human Research Ethics Committee was needed (Swedish
law 2003: 460, paragraphs 4 and 13).

CD217"°% B cells

Flow cytometry

Peripheral blood mononuclear cells (PBMCs) were
obtained from plasma-free blood after separation on Ficoll
(GE Healthcare, Little Chalfont, UK), according to the
manufacturer’s protocol. Cells from tonsils were prepared
according to standard methods for lymphoid organs. Cells
were filtered using a 40 pm filter (BD Biosciences, San
Diego, CA, UK), and thereafter stained directly or frozen to
be stained later. Cells were stained at a concentration of
10 X 10° cells/ml. Mouse, rat and rabbit serum were used
to inhibit unspecific binding to Fc receptors. Cells were
stained in 100 pl using antibodies and dilutions as shown
in Supporting information, Table S1. Biotinylated antibod-
ies were detected using streptavidin-V500 (BD Bioscien-
ces). The cells were acquired on a FACSCanto 2 or
FACSVerse (BD Biosciences), and data were analysed using
FlowJo software (TreeStar Inc., Ashland, OR, USA).

ABCBI transporter expression assay

PBMCs and tonsillar lymphocytes were resuspended in
complete medium and allowed to equilibrate at 37°C in a
water bath for 30 min with cyclosporin A (CsA; 25 pM),
which exposes the epitope of the ABCBI (CD243)-acti-
vated conformation, hence accessible to antibody binding.
The antibody was then added and the tubes were incubated
at 37°C for another 30 min. Cells were then washed and
stained by regular surface staining at 4°C.

Cell sorting

B cells were purified from PBMCs using immunomagnetic
beads (Dynal® B cell Negative Isolation Kit; Invitrogen, Carls-
bad, CA, USA), with a purity of 99% (Supporting informa-
tion, Fig. S1). These cells were stained with antibodies
recognizing CD19, CD21 and CD27, and sorted as cD217v,
CD217CD27 and CD217CD27" CD19" B cell subsets on
a Synergy cell sorter (Sony Biotech, San Jose, CA, USA). Sort
purities were > 95% (Supporting information, Fig. S1).

CD69 up-regulation

PBMC:s or total B cells, purified as above, were cultured in
96-well plates at 1 X 10° cells/well in complete RPMI-1640
supplemented with L-glutamine, non-essential amino
acids, sodium pyruvate, penicillin, streptomycin,
B-mercaptoethanol and 10% fetal bovine serum, and acti-
vated with the following stimuli: 2.5 pg/ml Toll-like recep-
tor (TLR)—7/8 agonist R848 (Alexis Biochemicals), 2-5 pg/
ml TLR-9 agonist cytosine—phosphate—guanine (CpG) oli-
godeoxynucleotide 2006 (5-TCGTCGTTTTGTCGTTTTG
TCGTTGGGGG-3') (InvivoGen, San Diego, CA, USA),
2.5 pg/ml goat anti-human IgA/IgG/IgM F(ab’), fragments
(Jackson ImmunoResearch Laboratories, West Grove, PA,
USA) and 20 ng/ml human recombinant interleukin
(IL)—2 (R&D Systems, Minneapolis, MN, USA). CD69
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up-regulation was assessed after 3 h by flow cytometry on a
FACSVerse (BDBiosciences) and data analysed as above.

Proliferation and differentiation

Total B cells or subsets were purified as above, labelled with
CellTrace™ Violet Cell Proliferation Kit (Life Technologies,
Paisley, UK) and cultured in 96-well plates at 1 X 10* cells/
well in RPMI-1640 supplemented as above. The cells were
stimulated with different combinations of the stimuli used
for CD69 up-regulation, and at the same concentrations.
Cell proliferation and plasmablast differentiation were
assessed at day 5 by flow cytometry on a FACSVerse (BD
Biosciences) and data analysed as above.

Statistics

The median and the interquartile range give distribution of
a cell subset’s frequency. Differences between these, as well
as age groups, were analysed for statistical significance with
the unpaired Mann—Whitney test (Figs 1-3). Figure 6 was
analysed by one-way analysis of variance (ANOVA) fol-
lowed by Dunnett’s multiple comparison test, using Graph-
Pad Prism version 6 (La Jolla, CA, USA).

Results

A CD217"°" B cell subset is present in peripheral
blood from healthy donors

To assess the presence of a CD217"°" B cell subset, PBMCs
from healthy female donors (aged 24-30) were analysed by

Fig. 1. ACD217°" B cell subset
is present in peripheral blood
from healthy donors. Peripheral
blood mononuclear cells
(PBMC:s) and cord blood from
healthy donors were analysed by
flow cytometry. (a)
Representative fluorescence
activated cell sorter (FACS) plot
shows the CD217°Y B cell subset
(e) after gating on CD19™ B cells.
(b) Graph shows frequency of

tg | — | p— CD217°" B cells in three age

o groups of healthy individuals.

§ 104 Representative FACS plots show
I'S_ L ad CDI10" frequency in (c) PBMCs
n - b and (d) cord blood. (e) Graph

g -'.;._ e shows the frequency of CD217

:;3, _:'.._ i 10w B cells (median 4-6%; P»s—P55

3-5-6-2%) after excluding
CD10™ (transitional) cells;

n.s. = not significant; *P < 0-05;
**P < 0-01; P < 0-001.

Cord blood 24-30y 5564y

flow cytometry. In line with our studies in mice [10,11], we
included the CD23 marker in our analysis. A CD217
1o"CD23™ subset was clearly present (Fig. la), and as all
CD217"°" were CD23™ we will refer to this subset hereafter as
CD217"°Y, To determine whether the frequency of the
CD217"°" B cell subset changed with age we analysed PBMCs
from 55-64-year-old healthy female donors. We found that
the proportion was similar in this age group, approximately
5% of the total CD19™ B cell population (Fig. 1b). We also
investigated whether a CD217"°" B cell subset could be
detected at a very young age. Therefore, we analysed B cells
from cord blood where we found that approximately 90%
appeared to consist of CD217°" B cells. Because early transi-
tional B cells in peripheral blood are known to be CD217°%
[5], we included the CD10 marker. This showed that fewer
than 10% of the CD217"°" cells in adults, but the vast major-
ity in cord blood were CD10™ transitional B cells (Fig. 1¢,d).
In adults, exclusion or inclusion of CD10" cells did not
change the proportion of CD217°" B cells significantly,
whereas a very different picture emerged when excluding
these cells in cord blood; the CD10"CD217°" B cell subset
was now significantly smaller in cord blood than in adults
(Fig. le). The proportion of early transitional B cells in the
CD217"°" B cell subset in adults was not significantly differ-
ent in the two age groups, and hence the percentage of
CD10°CD217°" B cells was also similar (Fig. le). The data
from the 24-30- and 55-64-year-olds were therefore pooled
in subsequent analyses. We conclude that a CD10"CD217"°
B cell subset is clearly distinguishable in peripheral blood in
healthy donors, a subset that is evident in adults but not
newborns.
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Fig. 2. The CD217°" B cells can be divided into two subsets. Cord blood, peripheral blood mononuclear cells (PBMCs) and tonsils from healthy
donors were analysed by flow cytometry. (a) After gating on CD19" B cells different subsets can be distinguished based on the CD38 and CD24
markers. This is shown schematically (left) and with representative fluorescence activated cell sorter (FACS) plots after gating on CD21"

(middle) and CD217"°% (right) B cells. (b) Representative FACS plots of CD27 expression in CD217 (upper) and CD217°Y (lower) B cells. (c)
CD217"" B cells were gated as CD27" (upper) and CD27~ (lower) cells and projected into subsets according to the CD38 and CD24 markers.

In PBMCs, the frequency of CD27" cells among CD21" cells was 25% (P,5—P5 21-43%) and among CD217"° cells was 49% (P,s—P,5 24—
57%).

The CD217°" B cells can be divided into two subsets CD24 markers [20-23]. Using these we sought to deter-
based on CD24 mine whether the CD217"°™ B cells were mainly naive and/
Transitional, naive and memory B cells, as well as plasma- or memory B cells (Fig. 2a). We first analysed cord blood
blasts, can be distinguished by combining the CD38 and cells, and could confirm that a majority of the CD217°%
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Fig. 3. The CD2 17'°% B cell subset contains both immunoglobulin (Ig)MJr and switched cells. Peripheral blood mononuclear cells (PBMCs) from
healthy donors were analysed by flow cytometry. (a) Graph shows percentage of IgM IgD™ cells in the CD217 and CD21™ B cell subsets. (b)
Representative pie charts show frequencies of Ig isotypes expressed by the CD21" and CD217°" B cell subsets. CD21" versus CD217°% (%):
IgM*IgD™, 80 (Py5—P;5 75-90%) versus 50 (P,5—P;s 38-54%); IgM TIgDP'™, 3 (P,5—P;5 2-6%) versus 15 (Pos—Pys 11-18%); IgG™, 11 (Pys—P;5 5—
16%) versus 17 (P>5—P75 12-30%); IgA+, 7 (Pys—P75 4-12%) versus 9 (P,5—P;5 8-17%). (c) Representative fluorescence activated cell sorter
(FACS) plot shows the distribution of IgM " IgD" and IgMIgD™ cells in the CD217"°™ B cell subset.

B cells were transitional (CD38hiCD24hi) and that the vast
majority of the CD21" cells were naive (CD38"CD24") B
cells, consistent with a low frequency of memory B cells
during the first 2 years of life [24]. Thereafter, we analysed
PBMCs from adults where the CD217 cells showed a typi-
cal pattern with transitional, naive and classical memory
(CD38°CD24™) B cells (Fig. 2a), as expected. Gating on
the CD217"°™ B cells showed a pattern that was markedly
different: consistent with the above data using the CD10
marker, approximately 10% of the CD217°" cells were
found in the transitional gate and 5% in the naive gate.
The remaining CD217°" B cells were CD387, hence typical
of memory B cells. However, based on the CD24 expression
levels they could be divided into two subsets, CD38CD24"
and CD38°CD24'°". A CD217°" B cell subset has also been
described in tonsils, based on FcRL4 expression [12], and
for comparison we also analysed cells from this tissue. Cells
in tonsils are activated continuously, and hence germinal
centre (GC) B cells are also distinguishable [25]. Neverthe-
less, excluding GC B cells and plasmablasts (CD38" ™
CD247) showed that a majority of the CD217°" subset
lacked CD38 and could also be divided into CD38"CD24 "
and CD38°CD24'°%, although the ratio was different from
that in PBMCs (Fig. 2a). Another marker often used to
characterise human memory B cells is CD27, although it is
not an absolute marker for such cells [26,27]. Gating on
the CD21" cells showed that approximately 20% were
CD27" in PBMCs, whereas a higher (approximately 40%)
proportion was observed in tonsils (Fig. 2b). In the CD217
oW subset the proportion of CD27" cells was approxi-
mately 30% in PBMCs, whereas a higher (approximately
75%) proportion was observed in tonsils. In PBMCs the
CD217°"CD38724" cells were enriched in the CD27" and
the CD217"°*CD38 CD24"" were enriched in the CD27~
cells. This was also observed in tonsils, although with dif-
ferent proportions, due in part to the GC B cells and plas-
mablasts (Fig. 2c). Taken together, these data demonstrate
that in both PBMCs and tonsils the CD217"°YCD38" cells
can be divided into two subsets based on the CD24 levels.

The CD217°" B cell subset contains both IgM ™ and
switched cells

To determine the Ig isotype expressed by the CD217°% B
cells in PBMCs from adults, we first analysed the expres-
sion of IgM and IgD compared with the CD21% subset.
There was no significant difference including or excluding
the CD10 marker (not shown), and this marker was there-
fore excluded. The proportion of IgM " IgD™ in the CD21™"
B cells was approximately 80%, whereas it was approxi-
mately 50% in the CD217°% B cells, and 15% were
IgM "IgDP™ in CD217°" B cells, but only approximately
3% of the CD21" (Fig. 3a,b). Staining for switched iso-
types showed that approximately 15% of the CD217°% B
cells were IgG* and approximately half as many were
IgA™, with similar proportions among the CD217" cells.
We also found that most of the CD217°YCD38 CD24 "
cells were IgM " IgD™ whereas a majority of the CD217°%"
CD38 CD24"" subset was IgM IgD™ (switched), support-
ing that the latter were also memory B cells (Fig. 3c). Taken
together, this suggests that after excluding transitional and
plasmablasts the vast majority of the CD217°" cells are
memory B cells.

The CD217"°Y B cells express markers indicating
previous activation

To further investigate the CD217% B cells, we determined
the expression levels of additional markers. Both CD40 and
CD86 were expressed at similar levels on CD21" naive
(CD38"CD24™) and classical memory (CD38°CD24%) as
well as on the CD217"°" B cells (Fig. 4). Compared to naive
B cells, the levels of CD80 were slightly higher on classical
memory and on the CD217°" subset. The levels of CD95
were also elevated on the two latter subsets, where it
showed a bi-modal expression pattern that was most evi-
dent in the CD217"°% subset. The levels of CD62L, a
marker that is down-regulated upon activation [28], fol-
lowed a bi-modal expression pattern on the naive, classical
memory and CD217"°Y B cell subsets, although the
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Fig. 4. The CD217"°" B cells express markers indicating previous activation. Peripheral blood mononuclear cells (PBMCs) from healthy donors

were analysed by flow cytometry. Representative histograms show expression of indicated markers after gating B cells as CD21"CD38"CD24™"
naive (dashed line), CD21"CD38°CD24" memory (bold line) and CD217v (grey, filled).

proportion of CD62L™ cells was higher among the latter.
However, the bi-modal patterns of the CD95 and CD62L
markers within the CD217°" subset could not be corre-
lated with the levels of CD24 (not shown). Thus, the
CD217"°" B cells display markers indicating previous acti-
vation, analogous to classical memory B cells.

The CD217'° B cells lack expression of the ABCBI1
transporter

Previous work has shown that expression of the active form
of the ABCBI transporter can distinguish between naive and
memory B cells [29]. Therefore, we stained PBMCs and ton-
sils for expression of this marker. In both, the CD21" cells
were divided into positive and negative cells, whereas the
vast majority of the CD217"% cells lacked expression of the
ABCBI1 transporter (Fig. 5a). Gating on CD21" naive and
classical memory B cells in PBMCs demonstrated that the
naive cells were positive and the memory cells negative (Fig.
5b), as expected, and that the vast majority of the CD2171°
cells were negative. Thus, this supports that the CD2171%
cells consist mainly of memory B cells.

(a) Tonsil PBMC

b

CD21

ABCB1

The CD217°*CD38"CD24"" subset responds poorly
to single stimuli

A decrease in surface CD21 levels could lead potentially to
unresponsiveness, as it is a part of the B cell co-receptor
and considered important for B cell activation. Therefore,
we asked whether the CD217°% B cells could respond to
various single stimuli, e.g. BCR cross-linking. To this end,
we determined the change in CD69 expression before and
3 h after activation, as this is one of the earliest inducible
leucocyte markers [30]. Consistent with this, total B cells
showed elevated expression levels of CD69 in response to
anti-Ig (BCR stimulation), R848 (TLR-7/8 agonist) and
CpG (TLR-9 agonist), but not to IL-2 (Fig. 6a). Analysing
CD217 naive and memory B cells showed that both subsets
responded to these stimuli, and to approximately the same
extent (Fig. 6b). However, the CD217"°% subset did not
respond to the same extent to any of these stimuli
(not shown), which was due mainly to a lower response by
the CD38 CD24"°" subset (Fig. 6b). Thus, the CD21" naive
and memory B cells and the CD217"°*CD38°CD24 " subset
responded to all single stimuli, whereas the response of the
CD217"°*CD38°CD24"" subset was modest.

—_
o
~
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% of Max _'p
o

ABCB1 m—————

Fig. 5. The CD217"°¥ B cells do not express ABCB1, which is restricted to naive B cells. (a) ABCBI expression was analysed by flow cytometry
in CD21" and CD217°Y B cells in tonsils (left) and peripheral blood mononuclear cells (PBMCs) (right) from healthy donors. (b)
Representative histograms show ABCBI expression on naive B cells (dashed line, CD21"CD24"CD38"), memory (bold line,

CD217CD24"CD387) and CD217°" B cells (grey, filled).
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Fig. 6. Up-regulation of CD69 upon activation. Peripheral blood mononuclear cells (PBMCs) from healthy donors were stimulated in vitro
followed by flow cytometry analysis. (a) After 3 h with different stimuli, as indicated, the geometric mean fluorescence intensity of CD69 was
determined. Representative histograms show overlays of stimulated (bold line) and unstimulated total B cells (grey, filled). (b) As in (a),
except that B cells were gated as CD21" naive (CD38"CD24") and memory (CD38°CD24"), and CD217°*CD38°CD24" and CD21”
1owCD38"CD24Y cells. Shown is CD69 fold change relative to medium controls; n.s. = not significant; *P < 0-05; ***P < 0-001;

P < 0-0001.

The CD217"° B cells proliferate and differentiate
into plasmablasts

Although the response of the CD217°" B cells to single
stimuli did not reach that of the CD21" B cells, the
response to a combination of stimuli could be different. To
investigate this, we first activated total B cells, which
showed substantial proliferation after 5 days in response to
R848, which was enhanced by the addition of IL-2
(Fig. 7a). The response to CpG was not as pronounced,
whether in the presence or absence of IL-2. The non-
proliferating cells in these cultures were most probably the
naive B cells [31]. Including anti-Ig showed that this,
together with R848 and IL-2, induced the highest level of
proliferation.

To study the response of the CD217"°" B cells, we had to
isolate these by cell sorting, as B cell activation results in
down-regulation of CD21 (Fig. 7b) [32], and hence we
would not be able to determine the response of the CD217
1o cells by relying on CD21 levels. For comparison, we used
CD21" memory (CD27%) and naive (CD27°) B cells and
the response to R848 in combination with IL-2 was investi-
gated, as this induced a high level of proliferation and seem-
ingly distinguished between naive and memory B cells.

Indeed, this combination induced proliferation of the mem-
ory but not naive B cells (Fig. 7c). Notably, however, not all
memory cells proliferated. The same combination of stimuli
induced proliferation in a proportion of CD217"°" B cells
similar (% of max) to that of the memory B cells. Although

17" compared to the

cell numbers were lower in the CD2
memory B cell cultures, they were much higher than those
of naive B cells that did not proliferate at all. This indicated
that some of the CD217"°% B cells responded poorly to
R848, most probably the CD38 CD24'" subset (Fig. 6b).
We determined, therefore, whether addition of anti-Ig to the
R848 and IL-2 stimuli enhanced the response. This combi-
nation induced proliferation in all cultures, i.e. of naive,
memory and CD217°" B cells (Fig. 7d). However, the
response of the naive B cells was not of the same magnitude
as that of the memory B cells, whereas that of the CD217°%
cells was. In fact, the response of the CD217°" cells was very
similar to that of the memory B cells in terms of both cell
numbers and cycles.

In parallel with the proliferation assay, we investigated
the ability of the cells to differentiate into plasmablasts
(CD38MCD27"). In the presence of R848 and IL-2, with or
without anti-Ig, the naive B cells gave rise to a very low
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Fig. 7. The CD217 low B cells proliferate and differentiate into plasmablasts. Representative data of peripheral blood mononuclear cells (PBMCs)

isolated from healthy donors. Cells were labelled with CellTrace and stimulated in vitro, and analysed by flow cytometry after 5 days. (a) Total B

cells were stimulated with R848 and cytosine-phosphate-guanine (CpG) in the presence or absence of F(ab’),-fragments of goat anti-human
immunoglobulin (anti-Ig), with or without interleukin (IL)—2, as indicated. The dilution of CellTrace indicates cell cycles and proportions. (b)
Dot-plot shows CD21 expression versus CellTrace dilution on day 5 after stimulation with anti-Ig, R848 and IL-2. (¢, d) CD21" naive (CD27")
and memory (CD27%) B cells, and CD217"°% B cells were stimulated with R848 and IL-2 without (c) and with (d) anti-Ig. Proliferation as % of
max (upper) and cell number (middle) was determined as in (a), and plasmablast differentiation (lower) as cells being CD27"CD38". Numbers

in histograms show percentages and cell numbers, respectively.

(< 5%) proportion of plasmablasts (Fig. 7c,d). By contrast,
the memory B cells differentiated into plasmablasts in both
the absence and presence of anti-Ig, although not to the
same extent: 20 and 40%, respectively. In the presence of
R848 and IL-2, the CD217°" B cell cultures gave rise to

© 2016 British Society for Immunology, Clinical and Experimental Immunology, 185: 252-262

10% plasmablasts. However, this proportion was increased
to approximately 40% when anti-Ig was also added to these
cultures, and hence the response was now very similar to
that of the memory B cells. Taken together, these results
strongly support that the CD217"°Y cells are memory
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B cells, although they differ in some regard from classical
CD21" memory B cells.

Discussion

Inherent difficulties come with the definition of memory B
cells as there is no absolute memory marker, although
CD27, CD24 and CD38, in combination with surface Ig
isotype, are instructive. Using these in combination with
additional markers and assays, our results suggest that the
vast majority of the CD217"°" B cells in healthy donors,
excluding transitional and plasmablasts, belong to the pool
of antigen-experienced cells, hence we conclude that they
are memory B cells. This is also consistent with our obser-
vation in cord blood, where a CD217"" subset is almost
absent, after excluding transitional cells and where the fre-
quency of memory B cells is low [24]. Moreover, it is con-
sistent with our results from tonsils. A small proportion of
the CD217°" cells might be naive B cells, as proposed pre-
viously among the CD27  cells [16]. Nevertheless, the
CD217°% B cells could be divided further into two subsets.
One of these was CD38"CD24 " and, as these also expressed
CD27, they were typical of memory B cells, although most
were IgM ™. The other subset, also being CD38", expressed
lower levels of CD24 and lacked CD27 but most were
switched, and therefore also regarded as memory B cells.
Additional memory B cell markers, e.g. CD80, CD95 and
CD62L, also showed a bi-modal pattern, but we were
unable to correlate these with the CD24 levels, which would
also be consistent with a bi-modal pattern of these markers
among CD217 classical memory B cells that show more
homogeneous CD24 levels.

The presence of SHM in the BCR is often used to define
memory B cells, although the absence of SHM does not
exclude that the cells are memory cells [33,34]. Another
mark of memory cells is their lack of an active ABCBI
transporter, which is expressed uniquely in naive B cells
[29]. The vast majority of CD217°" B cells lacked expres-
sion of ABCBI, similar to CD21" classical memory B cells,
which also supports that the CD217"°™ are memory cells.

Stimulation of memory B cells with TLR agonists can
drive their proliferation and differentiation without the
need for BCR stimulation, which is in contrast to naive B
cells where BCR co-stimulation is required [35]. In vitro,
the response of the CD217"°" B cells to TLR-7/8 agonists
and IL-2 was more similar to that of memory than naive B
cells. That the response was not on a par with classical
memory B cells is due most probably to a poor response
from the CD38°CD24'" subset, based on their modest
response to single stimuli, in contrast to both naive and
memory B cells. Nevertheless, the response to a combina-
tion of BCR and TLR-7/8 agonists was on a par with classi-
cal memory B cells, and very different from that of the
naive B cells. This indicates that certain memory B cells

require BCR engagement in addition to TLR agonists for
activation.

Various CD217"°" B cell subsets have also been described
in mice, although it is currently unknown whether these
are the counterparts of the CD217°% B cell subsets
described in humans. Nevertheless, the CD217°" subset
described in aged mice (ABC) was detected in peripheral
lymphoid organs, e.g. spleen as well as in peripheral blood
(8]. The cells were IgM "IgD ™, and it was proposed that
this subset was the result of extensive proliferation of
mature follicular B cells. Another ABC subset has also been
described, although whether the two ABC subsets are the
same is unclear, as the former did not express CD11b and
the latter was defined as CD21"CD11¢"CD11b*. Nonethe-
less, the development of the CD21"CD11¢"CD11b " subset
is dependent upon TLR-7 signalling, as in the absence of
TLR-7 it failed to accumulate in old female mice [9]. The
CD217°% cells in lupus-prone mice express CDIIc,
whereas it has not been investigated in SLC”~ mice. In
both models, however, these cells secrete autoantibodies
upon in-vitro activation [9,10].

The CD217"" B cells in humans have been described in
several disorders associated with chronic inflammation,
e.g. human immunodeficiency virus (HIV) infection,
malaria, CVID, RA and Sjogren’s syndrome [13-19], and in
most disorders the cells express CD11c, by analogy to the
ABCs in aged and lupus-prone mice [6,7]. Moreover, in
disease the CD217"°% B cells seemingly belong to the mem-
ory B cell pool based on their expression of either CD27,
mutated and/or switched BCRs. Whether the CD27~
CD217°" B cells in RA and CVID patients are memory or
anergic B cells has been discussed [16,36,37]. Nonetheless,
the CD217"°" B cells in many of these disorders are remi-
niscent of the CD217°" B cell subset in tonsils from
healthy donors [12], in that they also express FcRL4 [7].
However, the vast majority of CD217"°™ B cells in healthy
individuals do not express elevated levels of, for example,
CD69 or CD86, indicating that in this regard they are dif-
ferent from those in tonsils and disease. The CD217"°" B
cells from the patients with the aforementioned disorders
were found to respond poorly to BCR stimulation alone,
but responded to combinations of stimuli, e.g. TLRs,
CD40L and cytokines. This is analogous to the response by
the CD217"°% B cells in healthy donors that we attributed
to the CD38"CD24'°" subset. Although the CD24 levels on
the CD217" B cells in most of these disorders is
unknown, those in malaria and CVID type Ia expressed
low CD24 levels in addition to being CD277"°%, and thus
similar to the CD38 CD24"" subset described herein.

The increased frequency of CD217°" B cells in HIV,
hepatitis C virus (HCV) and malaria infections as well as in
various autoimmune diseases could be due to an expansion
of this B cell subset in response to chronic activation by the
infective agent or autoantigen, respectively. This is sup-

ported, for example, by results showing that the CD217°%
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B cells in these disorders produce antibodies that recognize
the infecting virus/parasite, although also CD21" memory
B cells do. It is currently unclear whether the antibody rep-
ertoire of the CD217°" B cells differs from that of conven-
tional memory B cells [38,39]. The presence of CD2171°%
memory B cells in healthy individuals could potentially be
explained by subclinical chronic infections such as
Epstein—Barr virus (EBV), cytomegalovirus (CMV) or Hel-
icobacter pylori. They may also be the result of a normal
immune response, as they produce antibodies against the
immunized pathogen, as discussed recently [6]. Such stud-
ies have been performed in mice, whereas it would be more
difficult to verify a connection between an infective agent
and the frequency of CD217"°" B cells in healthy individu-
als, as the infective agent would be unknown.

In conclusion, as in disease and tonsils of healthy indi-
viduals, the CD217°" B cell subset in peripheral blood
from healthy female adults is composed mainly of memory
B cells, although heterogeneous both in expression of
markers and in responses to different stimuli.
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Table S1. Antibodies used in the study

Fig. S1. Strategies to isolate different B cell populations from
human peripheral blood. Total B cells were isolated by deple-
tion of non-B cells using magnetic beads (upper panel).
Total B cells were isolated as above, followed by sorting of
naive (CD19721%277), memory (CD19721%27") and
CD217"°% B cells on a cell sorter (lower panel).
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